A rapid, sensitive, and rugged method for detecting drugs and drug metabolites in extracts of horse urine is described. The use of large-volume injection (LVI) gas chromatography-mass spectrometry (GC-MS) for analysis of horse urine extracts allowed automation of the derivatization procedure and reduction of the sample volume from 5 mt to 1 mL of urine. An autosampler and temperature-programmable inlet were used to automatically dissolve the sample extract and form trimethylsilyl derivatives of over 200 analytes. The suitability of this procedure for routine GC-MS detection of approximately 80 basic analytes in extracts of racehorse urine was investigated. The formation of derivatives using LVI with in-liner derivatization was compared to a manual procedure involving the dissolution of sample extracts in N,O.his(trimethylsily)trifluoroacetamide, heating the resulting mixture, and injecting 1 or 2 pt of the mixture through a sp]itless injector into the GC-MS instrument. In all cases, the in.liner derivatization reactions were found to be as complete as conventional heating block procedures. Ruggedness testing of the method demonstrated that peak resolution, shape, and area were maintained through 40 consecutive injections of sample extracts. No evidence of the accumulation of interfering substances was observed. The limits of detection using LVI GC-MS for routine screening of basic drugs in urine were generally in the range of 5-25 ng/mL. The method is currently being used to detect basic analytes in horse urine extracts with a throughput of approximately 50 urine sample extracts per instrument per day.
Introduction
Horseracing is a highly regulated sport in which test samples are routinely collected from horses for the purpose of determining whether prohibited drugs are present. Most rules of " Author to whom correspondence should be addressed.
racing prohibit the presence of stimulants, depressants, tranquilizers, local anesthetics, narcotics, and any other substances that may affect the performance of the horse during the race. Therefore, detection of prohibited drugs and their metabolites is of great concern to horseracing authorities and racing laboratories. Typical screening procedures utilize enzyme-linked immunosorbent assay (ELISA), thin-layer chromatography (TLC), or a combination of methods. These methods are generally considered less specific than gas chromatography-mass spectrometry (GC-MS) and are only semiquantitative. A screening procedure based on GC-MS analysis is advantageous if a greater number of prohibited drugs are detected, if they are detected at lower concentrations, and if increased sample throughput and automated data analysis reduce labor costs. These goals may be accomplished by using contemporary instrumentation and chromatography products to increase sensitivity and speed, reduce reagent consumption, and automate data analysis.
GC-MS analysis with large-volume injection (LVI) has become an established method with the advent of temperature programmable inlets (1) . LVI has been proven effective in the analysis of relatively clean samples such as water extracts (2, 3) . Furthermore, it has been used in the analysis of complex matrices such as horse urine (4) . Online methylation with LVI has also been reported with methylating reagents trimethylsulfonium hydroxide for derivatization of phenols and organic acids (5) and tetraaIkylammonium (TAA) salts for derivatization of alkylbenzensulfonates (3) .
In order for LVI GC-MS to be an accepted technique, it must meet several important requirements. First, the instrument must be able to process a minimum of 40 urine sample extracts per day with negligible degradation of peak shape. The lower limits of detection must be 1-20 ng/mL for basic analytes. The method must be capable of simultaneous detection of several hundred drugs in a single injection of a complex matrix while maintaining a run time of 17 rain or less. Finally, the instrument must be capable of automated derivatization of the basic analyte fraction following solid-phase extraction of horse urine.
GC analysis of basic analytes in horse urine extracts is best accomplished by forming trimethylsilyl (TMS) derivatives of those analytes with reactive amine and hydroxyl functional groups (6) . Previously, this reaction has been performed by dissolving the dried urine extract in BSTFA and heating for 20-30 rain at 60 to 70~ Each sample residue is dissolved in a small volume of BSTFA (e.g., 40 pL) so that the subsequent splitless injection of 2 pL of the reaction mixture represents as much of the extract as possible (i.e., -5%). The reaction mixtures are manually transferred to autosampler vials before analysis.
In contrast to this manual approach the autosampler and TPI can be programmed to perform the derivatization sequence automatically. Using the described method, SPE extracts were collected directly into 2-mL autosampler vials, dried under nitrogen in a concentrator, and manually transferred to the autosampler. The autosampler was programmed to add the derivatization cocktail and inject the sample extract into the TPI. Reducing sample volume and increasing the injection volume have the potential to reduce the cost of extraction solvents and reagents and also allows the use of smaller SPE cartridges or microtiter plates that are more amenable to automation. Avoiding the use of a heating block may also reduce losses of volatile or heat labile components and minimize errors associated with sample transfers of small volumes. Stock solutions of analytes were prepared by dissolving 10 mg in methanol or acetonitrile and diluting to volume in a 10-mL volumetric flask, or were purchased directly from the manufacturer as 1 mg/mL working solutions.
LVI GC-MS instrumentation and chromatographic conditions
GC-MS analyses were performed on a GC (model 6890, Agilent, Palo Alto, CA) interfaced with a mass selective detector (model 5973, Agilent) running software (Chemstation software version G1701BA, revision B.01.00, Agilent) on an MS Windows NT platform. A minibore DB-5MS GC column (20 m • 0.18-mm i.d., 0.18-pro film thickness, J&W Scientific, Folsom, CA) was used. The GC was equipped with an autosampler (LEAP, Carrboro, NC) with a 100-pL syringe. Split mode injections were done through an injection port (HP Merlin Microseal) into a temperature programmable separator with a 4-• 240-mm quartz liner (ProSep 800 Plus, Apex Technologies, Inc., Independence, KY). The liner was packed with quartz wool (approximately 50 rag) extending 5.5 cm from the column end of the liner.
The TPI was programmed (Apex PS Editor ' < LOQ = Less than limit of quantitation. software) as follows: initial temperature of 50~ was held for 0.35 rain in split mode, then ramped to 300~ at 250~ and held at 300~ for 12.5 rain. The inlet was in splitless mode from 0.35 rain until 3.5 rain then returned to split mode. At 14.0 rain, the inlet temperature was ramped to 320~ at 250~ with the total inlet flow increasing to 475 mI.Jmin (helium carrier gas). Initial inlet flow was 200 mIJmin with a split flow of 287:1, an inlet pressure of 18 psi, and a column flow of 0.7 mL/min.
The GC oven was maintained at an initial temperature of 50~ held for 3 rain and then increased to 300~ at 35~ with a final hold time of 7 rain. Total run time was 17.1 rain. The MS was tuned daily with perfluorotributylamine and the electron multiplier voltage was set at 200 V above the autotune value. Full scan electron-impact ionization (EI) mass spectra were obtained from m/z 45 to 580 with a threshold of 150 and a sampling rate of I yielding 5.23 scans/s. Analytes were detected by mass spectral library and quantitation database searching. Spectra were acquired by analysis of authentic standards or their TMS derivatives and were entered in the mass spectral library. For library searching, the standard search parameters were used with peak apex minus leading edge spectral subtraction. The quantitation method finds analytes based on the target ions and qualifier ions and their ratios within a defined retention times pre-selected by the user and entered into a database for each analyte. The solvent delay was 5.8 rain.
The autosampler was equipped with a solvent vial tray that holds 4 vials that are 22 mm in diameter and of variable height. The derivatizing reagent mixture was stored in these vials and the autosampler was programmed to punch through the PTFE/rubber cap to aspirate the mixture during sample preparation. The autosampler has two electronically controlled solvent wash stations (supplied from 500-mL solvent reservoir bottles) that were used to flush the syringe with methylene chloride and ethyl acetate before and after each sample injection. For LVI, a large-volume solvent wash reservoir is required because of the higher solvent volumes required (e.g., several hundred microliters) to flush the syringe during each cycle.
For conventional-injection volume GC-MS, a GC with splitJsplitless injector (Hewlett Packard 6890 series) with a 4 x 80-ram single-taper liner with deactivated glass wool packing (Supelco, Bellefonte, PA) was used. The mass selective detector and capillary column were the same as described previously. "LOD was determined as three times the signal-to-noise ratio where noise was determined from negative control urine extracts.
Procedure
Urine samples/solid-phase extraction. Negative control urine was collected from six research horses, combined in a large vessel, aliquoted, and extracted by SPE. The SPE cartridges used were 130 rag, 3-mL cartridges containing a reversed-phase cation exchange sorbent (CSDAU, Clean Screen, United Chemical Technologies, Inc., Bristol PA). Onemilliliter aliquots of negative control urine were subjected to an extraction procedure developed to elute acid and neutral analytes in one fraction and basic analytes in another (7) . Negative control urine extracts, previously shown to be devoid of analytes investigated in this study, were fortified with the analytes of interest.
Repeatability, linearity, and limits of detection. The repeatability of automated sample dissolution and injection was evaluated. The basic fraction from negative control urine extracts was supplemented with one of two analyte mixtures, each containing approximately 20 basic analytes, at 25, 50, 200, and 500 ng/mL urine equivalent. The analytes were selected based 
Average

94
tion of analyte producing a chromatographic peak with a height three times that of the corresponding noise. The limits of detection of six analytes representing four different drug classes, opiates (morphine, nalorphine), bronchodilators (clenbuterol, pirbuterol), benzodiazepines (oxazepam), and local anesthetics (lidocaine), were determined. Three aliquots of each basic fraction equivalent to 1 mL of urine were supplemented with the basic analytes at concentrations of 20, 40, 100, 200, 500, and 1000 ng/mL. Basic analytes were dissolved in 200 IJL of the derivatizing reagent described. Aliquots of 40 IJL were injected with derivitization reactions occurring in-situ. To determine baseline noise at the retention time of interest, negative control extracts were repeatedly injected. The average signal-to-noise ratio of the three supplemented replicates was plotted versus the analyte concentration to determine the concentration corresponding to the LOD. The higher concentrations were used to determine the linearity maximum, the system saturation level defined as the point at which the linearity dropped off or became 9 % Standard deviation calculated by peak area from every third iniection out of 40 urine extract analyses. t Peak areas ior the last injection divided by those from the first injection. significantly quadratic.
System ruggedness and carryover. To test the ruggedness and reproducibility of the LVI method, a single series of 40 urine sample extracts were injected. The basic fraction from SPE of horse urine was supplemented with a mixture of 18 basic analytes at a concentration equivalent to 200 ng/mL of urine. Aliquots of the supplemented extract were added to 14 autosampler vials, dried under nitrogen, and capped. The samples were dissolved in the derivatization reagent as described, and three injections of 40 !uL from each vial were performed. Control samples were analyzed at the beginning, middle, and end of the sequence. Control samples included a standard mixture (without extraction), a negative control sample (extracted), and a derivatizing reagent blank. Peak areas were determined for every third injection out of 40 (not 9 " counting controls and solvent blanks), and the RSD of the peak area for each analyte was calculated.
Derivatization. LVI derivatization of approximately 75 analytes was compared to conventional heating block derivatization. Three analyte mixtures, each containing approximately 25 analytes, were prepared in two separate vials and dried with a stream of nitrogen. Each analyte had a concentration of 100 ng/mL urine equivalents. One set of the dried extracts was dissolved in 200 IlL of derivatizing reagent mixture with vortex mixing, and 40 pL of the resulting mixture was injected using the LVI. The other set of dried extracts was dissolved in 20 pL of ethyl acetate plus 20 I~L of BSTFA and heated at 70~ for 20 rain. These sample mixtures were transferred to an autosarnpler vial, and 1 pL was injected into a GC-MS system with the same GC gradient and column except that the initial oven temperature was 100~ instead of 50 and the inlet temperature was 250~
Results
A GC-MS method with LVI for identification of basic analytes from SPE extracts of horse urine was evaluated. A total ion chromatogram of a horse urine sample extract supplemented with one of the analyte mixes at 500 ng/mL is shown in Figure 1 .
Repeatability, linearity, and LODs
For repeatability testing, the RSD of the peak area for the six replicate area determinations of each analyte is reported in Table I . Of the 37 analytes tested, 5 were below the limit of detection at 25 ng/mL, and data were not tabulated for these analytes. The highest RSD was 17% for ketamine, and the lowest RSD was 0% for 10 analytes. Average RSD for all analytes was 8%, 5%, 4%, and 3% at 25, 50, 200, and 500 ng/mL, respectively. The overall RSD for all analytes at all supplementation levels was 5%.
The LODs for selected analytes were estimated. Each analyte tested had an LOD of 15 nglmL or less. Table It 
Ruggedness and carryover
For ruggedness testing, The average RSD for 18 different analytes in 14 injections was 8% (Table III) . The peak area for the last analysis was divided by the peak area from the first analysis for each analyte to estimate the extent of degradation of performance due to matrix accumulation in the liner or column. The average percent recovery for the 18 drugs was 94%, with a low of 73% for mazindol and a high of 112% for nalbuphine after 40 consecutive injections of horse urine extract.
Run-to-run consistency is illustrated in Figure 2 with superposition of the total ion chrornatogram for the 1st and 40th urine sample extract injections. Peak shapes and retention times for the analytes were maintained throughout the sequence of analyses as is demonstrated in Figure 3 by the superposition of the quantitation ion (m/z 455) for nalorphine. No carryover of any of the 18 analytes was found in the controls or reagent blanks.
Derivatization
For the majority of analytes investigated, the formation of TMS derivatives inside the liner was comparable to that observed with conventional heating block derivatization. For a few analytes the LVI in-liner derivatization was more complete. For example, hydrocodone formed a monoTMS derivative in the LVI but produced a mixture of hydrocodone and the monoTMS derivative with the conventional heating block procedure (Figure 4 ). Nalbuphine and naltrexone formed triTMS derivatives with LVI but formed primarily diTMS derivatives in the heating block procedure. Analytes dissolved in the in-liner mix and injected into a conventional GC-MS inlet did not ex-hibit complete derivatization, indicating that it is not the inliner mix but rather the LVI itself that is responsible for this phenomenon. In fact, the volume injected into the LVI is important in the derivatization reaction.
Detection and quantitation
Supplementing the library searching with the quantitation database search means that peaks that are not integrated or are integrated incorrectly (e.g., as a shoulder) can still be detected. For example, if an analyte co-elutes with an interfering substance and a library search produces no spectral matches or a poor match, the analyte can still be detected and reported because the quantitation report looks only at the extracted target and qualifier ions and their ratios, ignoring the interfering matrix ion(s). A matching factor (similar to the library fit value) that is based on comparison of qualifier ratios to those set up by the user is reported. Because only those peaks at the correct retention time that also have the correct target and qualifier ions and ratios are reported, the amount of time reviewing data is greatly reduced. A graphical feature of the software quantitation package is shown in Figure 5 . By selecting one of the analytes in the database, this feature shows the selected ion chromatogram, the spectra of the peak, and a comparison between the expected and actual ion ratios. A rapid on-screen library search can also be conducted from this view. The library search report and the quantitation report have been merged into a single report showing the total ion chromatogram, the library search hits that are found above a user selected criteria, extracted ion chromatogram for the internal standards, and a list of the quantitation report hits. Figure 5 . Agilent Chemstation Quantitation report example for the fentanyl displaying the selected ion chromatograms, the spectra, and the expected and measured ion area ratios.
The precision and ruggedness data demonstrate acceptable stability of the instrumentation and the minibore GC column after successive injections of a substantial amount of sample matrix. The data also demonstrate that a large number of analytes can be reliably detected with this approach.
The screening method described used an injection volume of 40 ~L as the standard, but tests performed (data not shown) indicate that injection volumes of 70 and 100 pL can also be used with adequate venting of the solvent and good analyte peak shape and I l l recovery. With LVI, samples enter a relatively cool liner (50~ where volatile solvents (such as methylene chloride and hexane) are split to vent at high flow rates while the BSTFA, MSTFA, analytes, and sample matrix coat the quartz wool packing. The split vent is then closed and the inlet is heated to 300~ over 1 min and held for several minutes. Derivatized analytes are then focused at the head of the GC column, which is maintained at 50~ for the initial 3 rain. The more complete derivatization observed for the LV! method may be due to the higher temperature and faster heating and may be aided by the larger surface area of quartz wool.
Rill
One disadvantage of the LVI technique is that sample-to-sample cycle time increases because the GC oven and inlet need to be cooled to a lower initial temperature, which can take an additional 3 min. However, switching to a new smaller internal diameter, shorter GC column (20 m x 0.18-ram i.d.) actually allowed a shorter cycle time (20 versus 28 min) than our original GC-MS column (30 m x 0.25-mm i.d.) with the advantages of decreased peak width and increased peak resolution.
Conclusions
A highly automated GC-MS method for detecting hundreds of analytes in extracts of horse urine is reported. Large volume injec-tion afforded a decrease in the volume of sample from 5 to I mL, a decrease in the volume of reagents, allowed 1 mL SPE processing, and eliminated many of the manual steps used in conventional 1-2 IJL GC-MS methods.
The GC--MS system with LVI and temperature-programmable inlet, was shown to be sensitive, high throughput, repeatable, and rugged system that has clear advantages over conventional on-column injection GC-MS. The method has been used for over 15,000 analyses, and its ruggedness, accuracy, and sensitivity have been demonstrated.
Furthermore, the use of automated data processing has decreased the amount of time spent analyzing data from matrix peaks and has improved the accuracy, reproducibility, and thoroughness of the final results.
